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1 IntroductionElectromagnetic �eld analysis and design are moredi�cult in three dimensions than in two, because themathematics is more complex and the amount of datais greater. Visualizing the computational mesh andthe results of the electromagnetic calculations is alsoa more di�cult task. A virtual-reality environmentsuch as the CAVE (CAVE Automatic Virtual Environ-ment) can help make the visualization of 3-D meshesand computations more usable for designers and usersof magnets and other electromagnetic devices.In this paper we discuss an application of the CAVE[1] as an aid to the design of accelerator magnets. TheAdvanced Photon Source (APS) is a synchrotron ra-diation facility that is being constructed at ArgonneNational Laboratory. As part of this project a num-ber of insertions devices, special magnets called \wig-glers" and \undulators," are being designed to bendthe positron (particles like electrons, but positivelycharged) particle beam that travels in a circular patharound the APS storage ring.1



When a positron beam is \wiggled" by a wigglermagnet, radiation is emitted in the form of x-rays.The particular design of a wiggler magnet determinesthe brightness and spectrum of the x-ray radiationemitted. This high-energy radiation will be used byscientists to perform experiments in many �elds.The design of such magnets is complicated by thethree-dimensional aspects of the problem, the need togenerate a particular spectrum of the radiation emit-ted, the variety of design parameters that exist, andthe amount of computation time involved in paramet-ric design studies. The purpose of our work was todevelop tools to assist scientists involved in the de-sign and use of accelerator magnets. In particular,we discuss here the CAVE environment as an aid tovisualizing an elliptical multipole wiggler magnet.2 The CAVEA virtual reality system provides immersion and in-teractivity. Immersion can be achieved through wide�eld of view, stereo display, and viewer-centered per-spective. Interaction refers to the real-time involve-ment the user must have with the perceived environ-ment. The motivation is to take advantage of the hu-man ability to process 3-D spatial information [2].The CAVE is a virtual reality system being de-veloped at the Electronic Visualization Laboratory atthe University of Illinois at Chicago that implementsthe concepts of immersion and interaction throughthe integration of a number of components. Wide�eld of view is achieved by creating an environmentwhere the user is surrounded by computer imageryprojected on the walls and 
oor of a ten-foot cube.Left- and right-eye stereo views are sequentially com-puted and displayed on the current con�guration oftwo walls and the 
oor. A person standing inside thecube wears LCD shutter glasses to see the images intrue three-dimensional space. The user is tracked byan electromagnetic tracking system, so his/her instan-taneous position and orientation are known. This al-lows the environment to be rendered in correct viewer-centered perspective. The user is able to manipulateobjects within the CAVE by using a wand, a three-dimensional analog of the mouse of current computerworkstations. The CAVE also allows multiple usersto share the virtual environment by donning a pair ofshutter glasses and stepping into the cube structure.Figure 1 is a picture of the CAVE environment.

3 Elliptical Multipole Wiggler MagnetThe Advanced Photon Source is a synchrotron ra-diation facility, funded by the U.S. Department of En-ergy, that is being constructed at Argonne NationalLaboratory. The APS will produce extremely brilliantx-ray beams that will allow scientists to study smallersamples, more complex systems, and faster reactionsand processes than ever before. X-rays are producedby generating positrons and accelerating them to raisetheir energy to seven billion electron volts (7 GeV).The positron beam orbits at 7 GeV around the APSstorage ring.Special arrays of magnets called insertion devicesmanipulate the positron beam in order to �x its en-ergy and increase its brilliance. Insertion devices canbe either wigglers or undulators, depending on the ef-fect they have on the movement of the positron beam.Wiggler magnets produce very intense, energetic radi-ation over a wide range of energies, while undulatormagnets yield radiation of selected energy at high bril-liance. These tuned x-ray beams are further processedby optical instrumentation before they illuminate thesample being studied.The visualization of one such magnet, the ellipticalmultipole wiggler (EMW), is the subject of our work.The EMW [4] consists of a hybrid-magnet wiggler pro-viding a vertical �eld and an electromagnet providinga horizontal �eld, with the poles of the two magnets90 degrees apart. (In a hybrid magnet, permanent-magnet material generates the �eld, and steel polesshape it.)Figure 2 shows a (simple) half-period of the EMWmagnet. One pair of poles and coils for the electro-magnet is shown on the left and right. One pair ofpermanent magnets is on the top and bottom. Onepair of half-poles for the hybrid magnets (the perma-nent magnet material plus steel poles) is at the front,and another pair is at the back. Note that the hybridmagnet poles and electromagnetic poles are a quarter-period apart. In the current design, the vertical polegap is 24 mm, and the horizontal pole gap is 71 mm.The peak vertical �eld is 0:9 tesla, and peak horizontal�eld is 0:1 tesla. The EMW array consists of a totalof 18 periods.4 ImplementationThis section discusses the implementation of theelliptical multipole wiggler magnet using the CAVEenvironment.



Figure 1: The CAVE virtual reality environment. Computer images sent to the projectors are folded by mirrorsand directed onto the CAVE walls and 
oor. This con�guration decreases the space requirement for the CAVE.4.1 Magnetic Field CalculationUsing Vector Fields Inc.'s TOSCA program, weconducted electromagnetic �eld computations for theEMW magnet. The geometry was reconstructed byusing the code CORAL [3]. (In other applicationsCORAL has been used for the electromagnetic �eldcomputations as well.)4.2 Magnet Geometry DisplayCurrently, the user can vary the number of half-periods displayed from zero to four. This display of themagnet gives the physical context in which to displaythe calculated magnetic �eld. Figure 3 from the CAVEsimulator displays four half-periods.4.3 Magnetic Field DisplayIn order to visualize the magnetic �eld, an icon isused to represent the �eld value. The �eld is displayedin the interior of the EMW on a 3-D grid of points.The icon displayed is either a cone or a cylindrical bar.The icon is oriented in the direction of the magnetic�eld at that point in space. The icon's color and sizeare a function of the vector's magnitude at that point.
The user can interactively change the number oficons used to display the magnetic �eld. This capabil-ity can be useful when there are many 3-D grid pointsand the number of icons overwhelms the user's abilityto comprehend the results. For a similar reason, wedisplay only one half-period of the magnetic �eld, ir-respective of the number of half periods of the magnetthat are displayed.The current in the electromagnet can be varied dy-namically. By observing the changes in the result-ing �eld calculations, the user can understand the re-lationship between the electromagnet's �eld strengthand the orientation and magnitude of the resultingvector �eld.4.4 Particle PathThe trajectory of the positron beam as it traversesthe EMW is con�ned to the horizontal plane whenthe electromagnet is turned o�, and high-intensity x-rays will be emitted at the extremas of the particleexcursions. When the electromagnet is turned on,the positrons start to move in a helical path, andthe emitted radiation will now be elliptically polar-ized (when viewed on-axis). The helicity is controlled



Figure 2: One half-period of the elliptical multipole wiggler. One pair of poles and coils for the electromagnet areshown on the left and right. One pair of permanent magnets are on the top and bottom. One pair of half-polesfor the hybrid magnets is at the front, and another pair is at the back. Note that the hybrid-magnet poles andelectromagnetic poles are a quarter-period apart.by the strength of the current in the coils of the elec-tromagnet. An alternating current produces a time-modulated elliptical polarized light, which is an im-portant tool in the study of many magnetic materials.The particle beam trajectory through the EMWmagnetic �eld was calculated and is displayed duringthe simulation. A tracer sphere dynamically followsthe calculated trajectory. At the maximum/minimumexcursion in x (which occurs when the beam passesthrough the permanent magnet poles), the simulationdisplays a 
ash to indicate that energy is emitted.Figure 4 shows a display from the CAVE simulatorshowing the path of the positron beam through themagnetic �eld. When displaying the trajectory we usea scale factor in the x (horizontal) and y (vertical)directions to enhance the visibility of the beam. Thetrajectory is not scaled in the z dimension in which ittravels. The scale factor is rather large in relation tothe size of the magnets because the trajectory motionsare on a micron scale.When the user changes the current in the electro-magnetic, the path of the positron beam is changed.The e�ect is a linear scaling of the strength of themagnetic �eld in the horizontal direction. This causesa linear scaling in the vertical component of the tra-
jectory.4.5 User InterfaceThe user interacts with the data via a 3-D inter-face. A menu is displayed on the left wall to indicatethe user's choices. This is similar to the traditionalworkstation 2-D menu. However, the process of pick-ing a menu item requires the use of the 3-D wand.As mentioned earlier, the wand is a hand-held de-vice with three buttons and a joystick. The user pointsthe wand at the desired menu item and clicks the leftbutton to choose it. Choosing a menu item toggles amode on or o�. When a menu item is selected, thewand is given the ability to execute actions speci�c tothat menu item.Currently, there are four menu items. The �rst tog-gles the icon used to represent the magnetic �eld be-tween cones and cylindrical bars. The second speci�esthe number of half-periods to display, currently be-tween zero (i.e., only the magnetic �eld is displayed)and four. The third speci�es translation; when thisitem is toggled on, one can use the wand to pushor pull the magnet and �eld to a desired location forviewing. Finally, the fourth menu item speci�es the



Figure 3: Four half-periods of the EMW displayed in the CAVE simulatorcurrent in the electromagnetic.5 Conclusions and Future WorkThe CAVE is a new tool that we are using to visu-alize 3-D electromagnetic �eld calculations. We �nd ithelps increase researchers' understanding of the �eldcalculations, making the results of the computationmore useful for designers and users of accelerator mag-nets.A number of possibilities for future enhancementsexist. One would be to use 
ux lines or 
ux tubesto represent the magnetic �eld. Another would be tointroduce cutting planes of any orientation to showthe �eld variation. These cutting planes could also beused to study saturated regions in the magnet's iron.We could also vary the starting position and angle ofthe positron beam to explore the edge e�ects felt by
the particle beam as it enters the �eld of the wigglermagnet.We are also interested in integrating the CAVE dis-play with real-time electromagnetic �eld computationsusing CORAL on the IBM SP massively parallel com-puter. This capability would enable us, for example,to study issues such as magnetic and mechanical inter-ference between neighboring accelerator magnets or totrace trajectories through a series of accelerator mag-nets. Also, an enhanced CORAL is being developedto model eddy currents; we plan to use this to studyhow eddy currents distort the �eld in the bore of awiggler magnet.AcknowledgmentsWe thank Roger Dejus for calculating the positrontrajectory through the wiggler and making computer



Figure 4: Path of the positron beam displayed in the CAVE simulatorcodes available to us.References[1] C. Cruz-Neira, D. Sandin, and T. DeFanti.Surround-screen projection-based virtual reality:The design and implementation of the CAVE. InACM SIGGRAPH '93 Proceedings, pages 135{142.Lawrence Erlbaum Associates, 1993.[2] R. Kalawsky. The Science of Virtual Realityand Virtual Environments. Addison-Wesley., NewYork, 1993.[3] L. Kettunen, K. Forsman, D. Levine, andW. Gropp. Volume integral equations in nonlin-ear 3-d magnetostatics. International Journal ofNumerical Methods in Engineering. In press.[4] P. Montano et al. Elliptical multipole wiggler fa-cility at the Advanced Photon Source. Private in-formation. Argonne National Laboratory, 1995.


